To cite this article: Inhibition of keratinocyte proliferation by phospholipid-conjugates of a TLR7 ligand in a Myc-induced hyperplastic actinic keratosis model in the absence of systemic side effects. Background. The Toll-like receptor 7 (TLR7) activator imiquimod (IMQ) is safe and effective in treating actinic keratosis; however, an intermittent treatment regimen is necessary because of excessive local reactions. Objectives. To evaluate in vitro potency, pharmacodynamics/pharmacokinetics, toxicity and efficacy in vivo of the newly developed TLR7 ligand-phospholipid conjugate, TMX-202, in a gel formulation. Material and Methods. The effects of TMX-202 were assessed both in vitro on a murine macrophage cell line and in primary bone marrow-derived dendritic cells and in vivo on mice (C57BL/6-wild type,
A ldara, a 5% cream formulation of imiquimod (IMQ), is approved for external genital warts, superficial basal cell carcinoma and actinic keratosis (AK) [1, 2] . IMQ is a synthetic small molecule ligand that triggers the activation of innate immune cells by stimulating Toll-like receptors 7 (TLR7) and 8 (TLR8). IMQ preferentially activates TLR7, while its agonistic activity toward TLR8 appears to be much weaker [3] . TLR7 is located intracellularly in the endosomal compartments of innate immune cells, such as myeloid and plasmacytoid dendritic cells, monocytes and mast cells [4] . Under certain conditions, it is also expressed on T and B lymphocytes Abbreviations: TLR Interleukin-6 TNF␣ Tumor necrosis factor NF-B Nuclear factor kappa B KC Keratinocyte chemoattractant TRAIL TNF-related apoptosis inducing ligand or natural killer cells [5] . Signaling through TLR7/8 activates the NF-B dependent secretion of pro-inflammatory cytokines. A recent report indicated that TLR-independent activation by IMQ through adenosine receptors or by inflammasome activation is also involved in the mechanism of action of IMQ in skin proliferative disorders [1] . Our laboratory evaluated 9-benzyl-8-hydroxy-2-(2-methoxyethoxy) adenine (SM360320; designated here as 1V136), which has been shown to be a specific TLR7 ligand [6] . We further synthesized various derivatives of 1V136 conjugated to proteins, lipids or polyethylene glycol [7] . The conjugations improved the immune stimulatory potency in vitro and reduced non-specific toxicity in vivo [7, 8] . TMX-202 was prepared similarly, by conjugating the TLR7 ligand to a C-12 phospholipid via a versatile benzoic acid functional group [7] . Although Aldara is generally well-tolerated, clinical studies indicate that Aldara can induce systemic as well as local adverse effects [9, 10] . The systemic adverse effects, including fever, arthralgia, headache, myalgia and lymphadenopathy, are caused by the absorption of IMQ through the skin, followed by pro-inflammatory cytokine release in the circulation [11] . A local IMQ-induced cytokine dermatitis may enhance the systemic absorption of the drug and increase the incidence of systemic adverse effects [10, 11] . We have reported that phospholipid conjugates of TLR7 ligands retained in vitro potency without causing high levels of acute cytokine release in vivo [7] . Indeed, one TLR7 ligand-phospholipid conjugate was more effective in inhibiting melanoma growth than the parent compound [8] . In this study, the newly developed TLR7 ligandphospholipid conjugate, TMX-202, in a gel formulation, was evaluated for in vitro potency, pharmacodynamics (PD)/pharmacokinetics (PK), toxicity and efficacy in vivo.
The results indicate that TMX-202 was more potent than IMQ in vitro using murine and human cells. In contrast, in vivo it showed less systemic pro-inflammatory activity and better safety than IMQ. Moreover, the TMX-202 gel formulation exhibited at least comparable efficacy to Aldara in a mouse model for skin proliferative diseases.
Materials and methods

Animals
Seven-to 9-week-old C57BL/6 (wild type) mice were purchased from the Jackson Laboratories (Bar Harbor, MA). Myd88 -/-and Tlr7 -/-mice were a gift from Dr. Shizuo Akira (Osaka University). Inv-MycERTAM transgenic mice (InvMycER mice) were obtained from Drs. Michael Khan and Stella Pelengaris (University of Warwick, UK) [12] . All strains except wild type mice were bred at the University of California, San Diego (UCSD). Bone marrow chimeras were generated by injecting 10 7 bone marrow cells intravenously into whole body irradiated (9.5 Gy) recipient mice [13] . The UCSD Institutional Animal Care and Use Committee approved all animal experiments.
Reagents
Tamoxifen (Sigma Chemical Co. St Louis, LA) was dissolved in ethanol at 5 mg/mL. Aldara cream was obtained from 3M (St. Paul, MN). IMQ and TLR7 ligandphospholipid conjugates (TMX-202, molecular weight 920) were prepared by Interquim (Sant Cugat del Valles, Spain) and by CordenPharma (Liestal, Switzerland), respectively, and formulated in a gel by Dr. Franco Pattarino (School of Pharmacy, Novara, Italy). In order to make equivalent molar concentration with Aldara, 5% IMQ and 19% TMX-202 were prepared in the gel formulations. For in vitro assays, the unformulated compounds were dissolved in DMSO as a 10mM stock solution and kept at -20 • C until use. Endotoxin levels in all reagents except TMX-202 were measured using the Endosafe ® (Charles River Laboratories, Wilmington, MA). Endotoxin levels of the reagents were <0.05 EU/mol. Because TMX-202 gave a false positive signal by Endosafe ® , endotoxin contamination in unformulated TMX-202 was ruled out by the finding of similar potencies of this compound in Tlr4 -/-and wild type bone marrow derived cells [7] .
In vitro experiments
The proinflammatory potencies of IMQ and TMX-202 were tested in the murine macrophage cell line RAW 264.7 and in primary bone marrow derived dendritic cells (BMDC), as previously described [7] . The levels of TNF␣, IL-1␤, and IL-6 were measured by ELISA [7] . In vitro experiments using human whole blood were performed by Bioneer A/S (Copenhagen, Denmark). Briefly, TMX-202 was diluted with medium to prepare 10-time-concentrated stock solution of each test concentration. 20 L of TMX-202 stock solution was added to 180 L blood. The blood cells were cultured for 24 hrs in RPMI-1640 (Invitrogen, Carlsbad, CA), supplemented with 10% fetal calf serum, penicillin and streptomycin (complete RPMI). To make human PBMC conditioned media, 10 6 /mL human peripheral blood mononuclear cells (PBMC) were isolated in a Ficoll gradient and stimulated with TMX-202 for 24 hrs in complete RPMI [7] . Culture supernatants of PBMC without TMX-202 served as a negative control. The stimulated culture supernatants (conditioned media; CM) were kept frozen at -20 • C until use. The human keratinocyte cell line, HaCaT, was purchased from ATCC (Manassas, VA) and cultured in complete RPMI. Squamous carcinoma cell lines (SCC-13) were obtained from the Harvard Skin Disease Center (Boston, MA) and grown in keratinocyte serum free medium (Invitrogen) with 25 g/mL of bovine pituitary extract, 0.2 ng/mL of epidermal growth factor, 0.4 mM CaCl 2 and antibiotics. CM was diluted with complete RPMI or keratinocyte media by 2, 4 or 8 fold. 2 × 10 4 HaCaT cells or SCC-13 cells were cultured with diluted condition media for 18 hrs and cell viabilities were quantitated by MTT assay (Invitrogen). In some experiments, HaCaT cells were incubated with 2 fold diluted media in the presence of antibodies against human interferon gamma (IFN-␥) (10 g/mL, clone BMS107, eBioscience), TRAIL (25 g/mL, clone 550912, BD Bioscience), or tumor necrosis factor alpha (TNF␣) (25 g/mL, clone htnfa-mab, Invitrogen) for 48 hrs. The cell viabilities were determined by MTT assay. IFN-␥ in the culture supernatants was measured by Luminex beads assay.
Cytochrome P450 enzyme assays and radiolabeled binding study
The enzyme and binding assays were performed by Ricerca Biosciences LLC (Concord, OH). The percent inhibition of specific enzyme activity or specific binding was determined using radiolabeled specific ligands to the receptors. The detailed methods employed are described on the Ricerca website (https://pharmacology.ricerca.com/ Catalog/Default.aspx). Control samples contained 0.1 or 1% DMSO. More than 50% inhibition in drug treated samples was considered significant.
PD/PK study
Aldara, IMQ gel or TMX-202 gel were applied on the shaved back skin of wild type, Tlr7 -/-or wild type/Tlr7 -/-chimeric mice using 1 cm 2 -window stencils. Mice were bled at indicated time points. The levels of TNF␣, KC, and IL-6 were measured by Luminex assay (Millipore, Billerica, MA). In preliminary experiments, IMQ concentration in serum after Aldara or 5% IMQ gel were determined as described previously [14] . The samples were analyzed by Agilent 1100 LC/MSD with a Supelco Discovery HS C18 column (2.1 × 50 mm), eluted with a linear gradient from 20% to 90% methanol in 0.1% aqueous trifluoroacetic acid at a flow rate of 0. 
Induction and treatment of abnormal skin proliferation in the Inv-Myc mouse model
Inv-MycER mice were shaved on the dorsal skin 24 hrs before tamoxifen treatment. Keratinocyte proliferation was induced by daily application of 5 mg/mL tamoxifen from days 0 to 7. Mice were treated with TMX-202 gel on days 0, 2, 4, 6, 8, and 10. Sera samples were collected 2 hrs after the first gel application. On day 11, mice were sacrificed. The skin samples were fixed in buffered formalin and embedded in paraffin. Ten m sections were cut and stained with hematoxylin and eosin (H&E) by the Histology Shared Resources at Moores UCSD Cancer Center. Histological examination was performed in a blinded fashion. The criteria for histopathologic semi-quantitative severity scores used were as follows; for acanthosis, average thickness of the corneal layer was defined as: Score 0 = one layer of epidermal cells, 1 = 2-3 layers, 2 = 4-5 layers, 3 = 6-7 layers, 4 = > 7 layers; mitosis figures were counted over 10 high power fields, (× 630), and scored as: Score 0 = 0 mitosis, 1 = 1-3 mitosis, 2 = 3-4 mitosis, 3 = 5-7 mitosis, 4 = > 7 mitosis; and for hyperkeratosis, the severity scores represented the total average thickness of the keratin layer as: Score 0 = 1-2 cell layers, 1 = 3-5 cell layers,2 = 5-7 cell layers, 3 = 8-9 cell layers, 4 = > 9 cell layers
Statistical Analysis
Prism 5 (GraphPad Software, San Diego, CA) software was used for statistical analyses. Data were plotted and fitted by non-linear regression assuming a Gaussian distribution or sigmoidal dose responses with uniform standard deviations between groups. Differences between two groups were assessed by the Student t test. Differences between multiple groups were assessed by two-way ANOVA with Bonferroni's post hoc, or Dunnett's post hoc test. A value of p<0.05 was considered statistically significant. IL-6, IL-1 and type I IFN, to treat viral infection and nonmelanoma skin cancer [15, 16] . We, therefore, evaluated murine (m)TNF␣, mIL-6, and mIL-1␤ secreted by RAW cells and mBMDC, to compare the immunostimulatory potencies of IMQ and TMX-202. TMX-202 was a more potent cytokine inducer in both cell types (figures 1A-C). The higher potency of TMX-202 was also observed in a human whole blood assay ( figures 1D-F) .
Results
TMX
To compare the in vivo pharmacodynamics of TMX-202 and IMQ, the two agents in a gel formulation were applied on the skin of mice, and the levels of TNF␣, IL-6 or KC in the blood were measured thereafter ( figure 2A ). TMX-202 gel induced significantly lower levels of these cytokines and this effect was sustained up to 6 h after application compared to the IMQ gel. In contrast, a high cytokine release by Aldara or IMQ gel was observed one hour after drug application ( figure 2A) . To evaluate the systemic absorption of IMQ and TMX-202, serum concentrations of the compound were compared ( figure 2B ). In the preliminary experiment, IMQ concentrations in sera 1h after treatment of Aldara and 5% IMQ gel showed no significant differences (figure 7), Aldara was used to compare with systemic absorption of TMX-202 in the gel. The serum level of TMX-202 one hour after the application was significantly lower than that of IMQ after administration of Aldara (2.6 ± 0.6 vs 139.4 ± 61.2 pg/mL, respectively p<0.05). Cytokine induction by TMX-202 depends on TLR7 in radiosensitive cells. To confirm that the induction of proinflammatory cytokines by TMX-202 was TLR7 dependent, we used Tlr7 -/-mice as well as Tlr7 -/-/wild type -/-→ recipient WT, and donor WT → recipient Tlr7 -/-) were topically treated with TMX-202 gel and sera samples were collected two hrs after application. Data are mean ± SEM of pooled data of two independent experiments. * denotes p<0.05 compared to WT mice by one way ANOVA with Dunnet's post hoc testing.
(WT) bone marrow chimeric mice. The cytokine induction by TMX-202 was TLR7 dependent, insofar as Tlr7 -/-mice were refractory to the TMX-202 gel application ( figure 3) . TMX-202 maintained its ability to induce proinflammatory cytokines in chimeric Tlr7 -/-mice reconstituted with WT bone marrow, while the induction was diminished in WT mice reconstituted with Tlr7 -/-bone marrow. These data indicate that TLR7 in radiosensitive cells were responsible for most of the cytokine induction by TMX-202.
The maximum tolerated dose (MTD) of TMX-202 is higher than IMQ
To further compare the toxicity of IMQ and TMX-202, the MTD of both compounds were determined in C57BL/6 mice after intravenous administration. The MTD values of IMQ and TMX-202 were 15 mg/kg (approximately 62.5 moles/kg) and 150 mg/kg (approximately 163 moles/kg), respectively. To evaluate acute toxicities, body weights were monitored after a single intravenous injection of the MTD of the two compounds ( figure 4) . TMX-202 injected mice showed a significant reduction in body weight over two days ( figure 4A ). These were TLR7 specific effects as no significant body weight loss was observed in either Tlr7 -/-or Myd88 -/-mice ( figure 4A ). In contrast, the administration of the MTD of IMQ did not result in body weight changes in WT, Tlr7 -/-or Myd88 -/-mice ( figure 4B ). Potential off-target interactions of TMX-202 with non-specific receptors were evaluated by radiolabeled binding assays performed by Ricerca Biosciences. TMX-202 showed low affinity to receptors for norepinephrine, dopamine and androgen. In contrast, IMQ inhibited the activity of the CYP450 isoenzyme 1A2 and exhibited affinities to adenosine A1, adenosine A 2A , adrenergic ␣ 1A , adrenergic ␣ 1D , adrenergic ␣ 2A , dopamine D 1 , histamine H 2 , imidazoline I 2 sodium channel receptors (table 1) .
TMX-202 gel reduces acanthosis in inv-MycER mice
To evaluate the effect of TMX-202 gel on skin malignancy, we employed the inv-MycER mouse model [12] . In this strain, a cDNA encoding human c-myc is fused in frame to the hormone-binding domain of a modified murine estrogen receptor (c-mycERTM), which was cloned downstream of the human involucrin promoter [12, 17] . Reversible activation of c-Myc in skin by tamoxifen (estrogen) application induces benign changes of papillomatosis together with angiogenesis, which resembles hyperplastic actinic keratosis [12] . Induction of the c-Myc gene by local application with tamoxifen results in hyperplasia of suprabasal keratinocytes, with resulting acanthosis ( figure 5A ). The tamoxifen-conditioned mice were treated topically with TMX-202 gel or Aldara every other day. Macroscopically, the dorsal skins of the TMX-202 treated animals was less reddened and thinner than that of the Aldara-treated mice ( figure 5A ). Histological examination showed that there was less acanthosis and fewer mitoses in the TMX-202 geltreated skin (figure 5B). The Aldara-treated mice showed slight hyperkeratosis (figure 5B). The TMX-202 gel did not cause significant systemic cytokine induction while the Aldara cream did, consistent with the data in wild type mice ( figure 5C ).
IFN-␥ is involved in anti-proliferative effects of TMX-202 on keratinocytes
In human keratinocytes, a limited panel of TLRs are expressed and TLR7 has been reported as absent or detectable at very low levels [18] . We therefore hypothesized that the anti-proliferative effects of TMX-202 might be mediated by factors released by TLR7 stimulated immune cells. To test this hypothesis, human PBMC were stimulated with TMX-202 and the culture supernatants were used as conditioned media (TMX-202+CM). The average IFN-␥ levels in the TMX-202+CM from three donors was 204 ± 113 pg/mL. HaCaT or SCC-13 cells were treated with TMX-202+CM, or TMX-202 alone for 48 hrs and the cell viabilities were compared. In both cell lines, TMX-202+CM significantly reduced the cell viabilities ( figure 6A ). 
Discussion
A 5% cream formulation of IMQ, Aldara is an effective treatment for basal cell carcinoma (BCC), genital warts and actinic keratosis (AK). The predominant mechanism of action of IMQ is induction of cytokines, dependent upon activation of TLR7/8, and induction of Th1 dominant antitumor immune responses [1] . Because of adverse effects at local application sites, the current Aldara treatment regime requires administration three times per week with no treatment intervals [9, 10] . Our laboratory synthesized the purine analog TLR7 ligand, 9-benzyl-8-hydroxy-2-(2-methoxyethoxy) adenine [3] conjugated to a C-12 phospholipid designated as TMX-202. Although the in vitro immunostimulatory potency of TMX-202 was higher than that of IMQ, topical skin application of TMX-202 gel in vivo did not induce high blood levels of pro-inflammatory cytokines. A PK study showed that TMX-202 was less absorbed into the systemic circulation than IMQ in Aldara cream. In the inv-MycER mouse model, application of TMX-202 gel achieved anti-proliferative effects similar to Aldara with less local inflammation. An advantage of local treatment is to be able to increase local exposure of drugs without causing systemic adverse effects. Therefore, the local administration of immune-stimulatory compounds ideally induces inflammatory cytokines in the limited target area and avoids systemic cytokine release to reduce adverse effects. Although the in vitro potency of TMX-202 gel was 100 times higher than IMQ, the skin application of the drug did not cause the spiked increase in systemic cytokine release that was observed with Aldara. The minimal systemic cytokine induction by TMX-202 gel was also seen in tamoxifentreated Inv-MycERTAM mice, which might have exhibited compromised epidermal permeability. Collectively, our data suggest that the lower cytokine induction is due to the low systemic absorption of TMX-202. The skin surface is covered by extremely hydrophobic epidermal lipids forming highly structured layers. The lipophilic nature of TMX-202 may enable local penetration and residence within the skin layers, thus maintaining high local concentration, while systemic absorption of the drug is minimized.
In experiments comparing maximum tolerated doses (MTD) of IMQ and TMX-202 in mice, the latter compound was better tolerated, with an MTD of 150 mg/kg (approximately 163 moles/kg) compared to an MTD of 15 mg/kg (approximately 62.5moles/kg) for IMQ. Moreover, experiments performed with wild type, Tlr7 -/-and Myd88 -/-mice showed that the toxic effects of TMX-202 were TLR7-and MyD88-dependent, while IMQ exerted adverse effects that were TLR7 and MyD88 independent. Thus, the adverse effects of IMQ are due at least in part to undefined off-target interactions, whereas the observed side effects of TMX-202 at higher doses are fully dependent on the presence of TLR7 and the respective MyD88 signaling pathway. Since TMX-202 is 100 times more potent than IMQ in causing TLR7-dependent cytokine induction, we conclude that the therapeutic window of TMX-202 is significantly greater than that of IMQ. The systemic cytokine induction by TMX-202 required TLR7 expression in radiosensitive cells, as indicated by studies using bone marrow chimeric mice. In the MTD study, the anorexia and body weight loss observed in the mice receiving the maximum tolerated dose of TMX-202 was similar to the anorexic behavior caused by TNF␣, consistent with the TLR7 specificity of the drug [19] . In contrast, when mice were given IMQ at the MTD (which was a 10-fold lower dose than TMX-202), the animals did not show any body weight loss. Thus, it is likely that this phenotype was not observed with IMQ because of its lower TNF␣ inducing activity. As part of the toxicity assessments, inhibition of CYP450 isozymes by TMX-202 and IMQ were compared. While IMQ possibly bound to multiple adenosine or adrenergic receptors and inhibited CYP450 enzyme activity, TMX-202 lacked these effects. CYP450 inhibition can alter drug metabolism. Adenosine receptor ligands can affect cardiac rhythm. Collectively, these results indicate that TMX-202 gel should have fewer TLR7-independent off-target effects, compared to IMQ. Actinic keratosis (AK) is a common dysplastic cutaneous lesion, which can progress to squamous cell carcinoma [20] .
In human AK and squamous cell carcinoma, Myc gene aberrations are often observed [20] . In inv-MycERTAM transgenic mice, an acutely regulable form of Myc is targeted to the epidermis via the involucrin promoter and is locally activated by topical application of estrogen (tamoxifen). Activation of the cMyc gene in the suprabasal keratinocytes of these mice induces pre-malignant lesions similar to human hyperproliferative and dysplastic states [12] . Reversible activation of c-Myc in skin induces a complex neoplastic phenotype by a single oncogenic lesion state. In this model, sustained activation of c-Myc is sufficient to induce papillomatosis together with angiogenesis, resembling hyperplastic AK, a commonly observed human precancerous epithelial lesion [12] . It should be noted that the pre-malignant changes regress after the deactivation of cMyc and no malignancy transformation is observed in this model. Systemic absorption of IMQ after treatment with Aldara and 5% IMQ gel was similar ( figure 7) . Also, Walre et al. [21] have published that the formulation material of Aldara causes inflammasome-related immune reactions. Since the formulation influences the efficacy, the efficacy of TMX-202 gel was compared to Aldara ; IMQ in the specific dosage formulation with the active ingredients. Application of a TMX-202 gel to the dysplastic skin lesion did not cause the severe redness that was seen in Aldara-treated mice, suggesting fewer local inflammatory responses ( figure 4A ). The data thus indicated that TMX-202 gel is as efficacious as Aldara without causing severe local inflammatory effects.
The expression level of TLR7 in keratinocytes is low or absent [18, 22, 23] . . Serum levels of IMQ are similar after treatment with Aldara and 5% IMQ gel. C57BL/6 were applied with Aldara (n = 4) or 5% IMQ gel (n = 5) and sera were collected 1h after treatment. The drug concentrations were determined using IMQ as a internal standard and are expressed as area under the curve (AUC). NS; not significant using Student t test.
combination of IFN-␣ plus IFN-␥ induces keratinocyte cell death, mediated by the TRAIL receptor [25] . Several cell types present in the skin, including natural killer cells and mast cells are known to synthesize IFN-␥, [26, 27] . Further studies are necessary to identify the responsible cell type(s) producing IFN-␥. Aldara has been widely used and demonstrated to be safe and effective. However, because of local inflammatory reactions, an intermittent dosage regimen is required. Recently, lower IMQ concentrations (2.5% and 3.75%) in new formulations have been tested for daily application, without a no-treatment interval, to shorten the treatment period [28] . The gel formulation of TMX-202, is minimally proinflammatory and thus could be applied daily. The drug's efficacy in the inv-MycER mouse model was comparable to Aldara, without causing local skin reactions. The systemic absorption of TMX-202 was significantly less than IMQ in Aldara, with insignificant off target effects. Thus, the results indicate that TMX-202 should be an efficacious, alternative to Aldara in skin proliferative diseases with fewer adverse effects. 
